Introduction
============

Doxorubicin (DOX) has been clinically used as a chemotherapeutic agent for a wide range of cancers, such as acute leukaemia and breast carcinoma [@B1]. However, its clinical application is hindered by severe cardiotoxicity and haematotoxicity [@B2]. Drug efficacy is also limited by its lack of tumour-targeting ability and quick elimination from blood circulation [@B3], [@B4]. The enhancement of therapeutic efficiency and reduction of side effects remain severe challenges for DOX application. Many efforts have been made in previous studies to solve these two key challenges, including drug delivery systems (DDSs) and small molecular conjugates [@B5], [@B6]. The most representative formulae for DDSs are Myocet® and Doxil®/ Caelyx®, which are U.S. Food and Drug Administration (FDA)-approved DOX liposomes [@B7]. They can effectively reduce DOX cardiotoxicity and prolong blood circulation time [@B8]. However, their therapeutic efficacy is equal to free DOX and still needs to be improved. In addition to delivering DOX by DDSs, DOX can be covalently conjugated to certain compounds, such as antibodies [@B9] and peptides [@B10], to improve its tumour targeting ability. Although anticancer efficacy was improved somewhat, DOX uptake is inevitably high in the liver or kidney [@B11], where these compounds are metabolized or excreted. To further reduce the side effect of this one-step targeting strategy, pre-targeted treatments with multiple steps are emerging and have become a class of promising therapeutic approaches [@B12].

In previous reports, the first step of pre-targeted treatments primarily employs bispecific antibodies [@B13] or enzyme-conjugated antibodies, such as antibody-directed enzyme prodrug therapy (ADEPT) [@B14]. For the former strategy, a bispecific antibody was fabricated to offer a multivalent and simultaneous binding of two distinct antigens: tumour antigen and drug hapten [@B15]. For ADEPT, the antibody was conjugated with an enzyme to catalyse the nontoxic prodrug into an active, toxic form [@B14]. Compared to these two strategies, in which the modification of antibodies increases the complexity of synthesis and potential immunogenicity, the pre-targeted strategy utilizing avidin and biotin systems has specific advantages. Avidin has been shown to be biocompatible and safety referring to the results of phase II clinical trails [@B16]. Avidin can specifically bind to lectin, which is overexpressed on the surface of many types of cancer cells [@B17], [@B18]. Therefore, avidin itself, without any modification, can be employed in the first phase of pre-targeted treatment, making the pre-targeted strategy based on avidin and biotin systems more easily fabricated and more reliable than bispecific antibodies and ADEPT. At the same time, there is a high affinity between avidin and biotin, which is the highest non-covalent affinity (K~d~ = 10^-15^ M) in nature [@B19]. The excellent biocompatibility and low cost of avidin and biotin also encourage further clinical applications [@B20]. However, this pre-targeted strategy, based on a lectin-targeted avidin cooperated with biotin system, has thus far only been used for tumour imaging in published reports [@B18].

In this research, pre-targeted strategy based on a lectin-targeted avidin and biotin system was first utilized to deliver a chemotherapeutic drug with pH-sensitive drug release to enhance DOX\'s anticancer efficacy and reduce its side effects (**Figure [1](#F1){ref-type="fig"}**). DOX was conjugated to mini-PEGylated (mPEGylated) biotin via an acid-sensitive hydrazone bond [@B21], [@B22] to form the prodrug, biotinylated DOX (bDOX). The nearly nontoxic bDOX was quite stable under neutral conditions, but was quickly hydrolysed into cytotoxic DOX under acidic conditions. During the pre-targeted treatment, avidin was administered in the first step. Once concentrated within tumour mass by binding lectin and cleared from systemic circulation [@B23], bDOX was added in a second step. After binding to avidin, bDOX was endocytosed into lysosomes for acid-triggered DOX release. Due to the prodrug\'s fast-clearing pharmacokinetics and minimum toxicity, bDOX that was not bound to avidin was quickly eliminated from the blood circulation, with little harm to normal organs [@B24]. Thus, a strongly enhanced anticancer effect and largely reduced side effects were observed in a lectin-overexpressing colorectal tumour-bearing animal model.

Results
=======

Preparation and characterization of bDOX
----------------------------------------

The synthesis of bDOX based on two steps was illustrated in **Figure [S1](#SM0){ref-type="supplementary-material"}**. First, mPEGylated biotin was conjugated with hydrazine hydrate to synthesize biotin-PEG~4~-hydrazide. The obtained biotin-hydrazide was verified by HPLC and MALDI-TOF mass spectrometry (**Figure [S2](#SM0){ref-type="supplementary-material"}A**and **Figure [S3](#SM0){ref-type="supplementary-material"}A**). Then, DOX was conjugated to biotin-PEG~4~-hydrazide via pH-sensitive hydrazone bonds between the carbonyl group of DOX and the hydrazine group of biotin-hydrazide. The synthesized biotin-PEG~4~-hydrazone-DOX (i.e., bDOX) was characterized using HPLC, MALDI-TOF mass spectrometry and FTIR spectra (**Figure [S2](#SM0){ref-type="supplementary-material"}B**, **Figure [S3](#SM0){ref-type="supplementary-material"}B**, and **Figure [S4](#SM0){ref-type="supplementary-material"}**). As shown in FTIR spectra (**Figure [S4](#SM0){ref-type="supplementary-material"}**), the characteristic peak of DOX at 1729.83 cm^-1^ generated from the carbonyl stretch was replaced with a new peak at 1682.51 cm^-1^ generated from the C=N stretch, suggesting the formation of hydrazone bonds and the successful synthesis of bDOX.

The four PEG monomers in bDOX were employed to increase the solubility of hydrophobic DOX and avoid possible steric hindrance to the binding of biotin and avidin. The affinity between bDOX and avidin was verified*in vitro*. Three block agents (biotin, IgG, or vitamin C) were adopted to attempt to block bDOX from binding to avidin. Avidin was pre-fixed on the well bottoms of ELISA plates, and excess block agents were added and incubated before the addition of bDOX. The bDOX binding to avidin was detected. As shown in **Figure [S5](#SM0){ref-type="supplementary-material"}**, without the addition of a blocking agent, \~ 50% bDOX was bound to avidin. In contrast, the binding amount of bDOX greatly decreased to \~ 5% when biotin was pre-added. However, the addition of IgG and vitamin C had no significant influence on the binding of bDOX and avidin, showing that the binding between bDOX and avidin was competitively inhibited by biotin and that bDOX retained its specific affinity for avidin.

pH-sensitive DOX release
------------------------

The pH-sensitivity of bDOX was evaluated by dissolving bDOX in a PB (Phosphate Buffer) solution with varying pH (5.0, 6.0, and 7.4). At various time intervals, the released DOX was detected by HPLC. As **Figure [2](#F2){ref-type="fig"}** shows, in a neutral condition (pH 7.4), only a slight proportion (\~ 15%) of bDOX was hydrolysed to DOX even over long periods (30 h). In stark contrast, as pH decreased, the amount of hydrolysed bDOX greatly increased. The accumulated hydrolysed bDOX reached \~ 64% (pH 6.0) and \~ 97% (pH 5.0) for 30 h.

*In vitro* anticancer efficacy
------------------------------

The chemotherapeutic effect of pre-targeted bDOX was evaluated on HT-29, LS180 and HEK293 cells *in vitro*. Cells were seeded in 96-well plates and incubated with different concentrations of pre-targeted bDOX for 48 h. Un-pre-targeted bDOX and free DOX were used as control drugs. For all three cell lines, un-pre-targeted bDOX showed minimized cytotoxicity compared to pre-targeted bDOX or free DOX (**Figure [3](#F3){ref-type="fig"}**). For both human colorectal cancer cell lines (HT-29 and LS180 cells), pre-targeted bDOX achieved significantly better chemotherapeutic effects than free DOX (**Figure [3](#F3){ref-type="fig"}A-B**). After incubating for 48 h, the IC~50~ value of the pre-targeted bDOX for HT-29 cells was only \~ 20% of the free DOX; for LS180 cells, it was only \~ 25% (**Table [S1](#SM0){ref-type="supplementary-material"}**). However, for the normal human cell line (HEK293 cells), the cytotoxicity of pre-targeted bDOX was obviously lower than that of free DOX (**Figure [3](#F3){ref-type="fig"}C**).

To explore the inner mechanism of cytotoxicity of pre-targeted bDOX, cellcycle-dependent changes were analysed by flow cytometry before and after incubating HT-29 cells with pre-targeted bDOX. As **Figure [S6](#SM0){ref-type="supplementary-material"}** shows, before incubation, there were 67.45% cells in G1 phase. However, it increased to 69.54% and 76.76% after incubating for 12 and 24 h, respectively. Thus, pre-targeted bDOX can cause S arrest of the cell cycle.

*In vitro* cellular uptake
--------------------------

From the cytotoxicity results shown above, pre-targeted bDOX exhibited a much higher anticancer effectiveness than free DOX. To determine whether the enhanced effectiveness resulted from enhanced drug cellular uptake, cells were incubated with pre-targeted bDOX, un-pre-targeted bDOX and free DOX and the intracellular bDOX and DOX were traced and quantified by fluorescence using a confocal laser scanning microscope (CLSM). DOX and bDOX exhibited almost the same property and ability of fluorescence excitation and emission (**Figure [S7](#SM0){ref-type="supplementary-material"}**), which made it possible to compare their intracellular concentrations by fluorescence intensity. As shown in **Figure [4](#F4){ref-type="fig"}**, when incubating cells with bDOX alone (un-pre-targeted bDOX group), all three types of cells exhibited minimized drug uptake that was much lower than that seen when incubating with free DOX, coincident with the minimized cytotoxicity of bDOX. The reduced cytotoxicity of bDOX itself might result from biotin-PEG~4~ conjugation, which may make it more difficult for bDOX to diffuse through the cell membrane compared to free DOX.

At the same time, the drug uptake of the pre-targeted bDOX group was higher than that of the free DOX group for these two colorectal cancer cell lines (HT-29 and LS180), which was coincident with the enhanced anticancer efficacy of pre-targeted bDOX. Free DOX exhibited no obvious distinction between tumour and normal cell lines, and there was a high drug uptake in HEK293 cells when incubating with free DOX. In stark contrast, pre-targeted bDOX endowed DOX with the ability to select and specifically target tumour cells, and thus the drug uptake of the pre-targeted bDOX was quite weaker than free DOX in the normal cell line (HEK293).

Besides, for the pre-targeted bDOX group, the drug uptake of HT-29 cells was nearly two-fold higher than that of LS180 cells, and it was much lower for HEK293 cells. This difference was coincident with the level of lectin expression of the three cell lines. As **Figure [S8](#SM0){ref-type="supplementary-material"}** shows, the lectin expression efficiency of the HT-29 and LS180 cells was 95.4% and 39.7%, respectively, as measured by flow cytometry; for HEK293 cells, it was 1.38%. Higher expression of lectin would recruit more avidin, leading to more binding and endocytosis of bDOX [@B18], [@B25].

Subcellular localization of pre-targeted bDOX
---------------------------------------------

In order to confirm whether bDOX could be transported into the lysosome through avidin-mediated endocytosis to realize pH-sensitive hydrolysis into DOX, the subcellular distribution of avidin and bDOX was tracked by CLSM. First, intracellular colocalization between avidin and lysosome was performed on HT-29 cells to explore whether avidin could be endocytosed into the lysosome as reported previously [@B17]. As **Figure [S9](#SM0){ref-type="supplementary-material"}** shows, after incubating cells with Cy3-labelled avidin, the labelled avidin was largely colocalized with the LysoTracker^TM^-labelled lysosome. Colocalization between pre-targeted bDOX and lysosome was then examined. HT-29 cells were first incubated with avidin, followed by incubation with bDOX 4 h later. There was a large overlay between the fluorescence of bDOX and the labelled lysosome (**Figure [5](#F5){ref-type="fig"}**), showing bDOX\'s successful transportation into the lysosome. Pearson\'s correlation between lysosome and bDOX was as high as 0.7415 (**Figure [S10](#SM0){ref-type="supplementary-material"}**and **Table [S2](#SM0){ref-type="supplementary-material"}**). The same fluorescence of bDOX seen in lysosome was also largely observed in the nucleus (**Figure [5](#F5){ref-type="fig"}**and **Figure [S10](#SM0){ref-type="supplementary-material"}**); this fluorescence was emitted from DOX that was hydrolysed from bDOX in the lysosomes and transported into the nucleus [@B26]. The three-dimensional image of colocalization between bDOX and lysosomesas well as bDOX and nuclei was shown in Movie [S1](#SM0){ref-type="supplementary-material"}. These colocalization examinations were also performed on LS180 cells, and the results were coincident with HT-29 cells (**Figure [S11](#SM0){ref-type="supplementary-material"}**).

Timing of pre-targeting protocol
--------------------------------

Optimizing the efficacy of pre-targeted chemotherapy requires optimization of the timing of pre-targeting step to allow for a thorough elimination of avidin in off-target organs. The probe ^99m^Tc-biotin was synthesized and characterized (**Figure [S12](#SM0){ref-type="supplementary-material"}**). The selected dose of 15 mg/kg avidin and the timing of radioactivity detection at 2 h after ^99m^Tc-biotin administration were based on literature data [@B27]. The delay between the avidin chase and ^99m^Tc-biotin injection was examined from 1 h to 8 h (**Figure [S13](#SM0){ref-type="supplementary-material"}** and **Figure [6](#F6){ref-type="fig"}A**). There was a striking increase in the radioactivity of tumours with a time lapse after avidin injection and a peak at 5 h, followed by a rapid decrease from the sixth hour. The signal from tumours at 5 h post injection (p.i.) was higher than other pre-targeting intervals, with statistical significance (*p* \< 0.05). The gradual decrease in normal tissue signal was accompanied by an increase of the tracer\'s signal at the tumour site; at 5 h p.i., major organ radioactivity dropped by \> 80%. As shown in **Figure [6](#F6){ref-type="fig"}A**, the uptake of ^99m^Tc-biotin in LS180 tumours was 20.6 ± 5.7%ID/g at 5 h p.i., which was above 109-fold higher in heart, 3-fold higher in liver, 8-fold higher in spleen, 2-fold higher in kidney, and 7-fold higher in colon. Obviously, the 5-h pre-targeting time exhibited adequate systemic clearance, resulting in excellent tumour-to-normal tissue contrast.

However, in this work, ^99m^Tc-biotin served as a tracer of avidin distributed *in vivo*, so that **Figure [6](#F6){ref-type="fig"}A** shows an integrated biodistribution of both avidin and ^99m^Tc-biotin. The influence of ^99m^Tc-biotin on avidin was examined by experiments measuring ^99m^Tc-biotin biodistribution. ^99m^Tc-biotin injection was performed without avidin, and 1 h, 2 h and 4 h later, radioactivity detection was employed (**Figure [S14](#SM0){ref-type="supplementary-material"}A**). The signal decreased rapidly and was quite low (\< 0.6%ID/g) at 2 h p.i. in the tissues except for kidney, which showed the highest ^99m^Tc uptake, in accordance with the reported elimination of ^99m^Tc-biotin largely via the renal pathway [@B27], [@B28]. ^99m^Tc-biotin injection was also performed after 5 h of avidin chase, followed by radioactivity detection 1 h, 2 h and 4 h p.i. (**Figure [S14](#SM0){ref-type="supplementary-material"}B**). Pre-targeted ^99m^Tc-biotin showed similar biodistribution profiles in tissues other than the liver and kidney. Some lectin expressed in liver and kidney resulted in the accumulation of avidin [@B29]. Higher ^99m^Tc uptake by the liver and kidney indicated that the biodistribution of ^99m^Tc-biotin was significantly dependent on avidin. Therefore, 5 h after avidin chase was the optimal pre-targeting time, and subsequent animal studies will follow this timing sequence.

Biodistribution of pre-targeted bDOX
------------------------------------

After confirming the optimal interval between the injection of avidin and bDOX, the biodistribution of pre-targeted bDOX was explored and compared to that of free DOX. LS180-bearing BALB/c nude mice were randomly divided into two groups (n = 3), the pre-targeted bDOX group and free DOX group, and respectively i.v. injected with bDOX and DOX at equivalent doses (avidin was pre-injected into mouse abdomen 5 h before bDOX injection). Four hours after dosing, major organs and tumours were isolated, and the fluorescence from bDOX or DOX was detected (**Figure [6](#F6){ref-type="fig"}B**). Drug accumulation in the tumours of pre-targeted bDOX was much higher than that of free DOX with a statistically significant difference (*p* \< 0.05). However, for normal organs, especially the heart and liver (**Figure [6](#F6){ref-type="fig"}C**), the drug fluorescence of the pre-targeted bDOX group was much weaker than the free DOX group, showing successful and enhanced drug accumulation in tumours with reduced drug accumulation in normal organs.

As cardiotoxicity is the most severe side effect of DOX, drug accumulation in tumour and heart tissues was further confirmed by CLSM using the aforementioned animal model. After administering pre-targeted bDOX, un-pre-targeted bDOX (no avidin given before bDOX injection), free DOX, and PBS every two days for a total of 5 administrations, mouse tumour and heart tissues were collected, frozen, sectioned and stained with DAPI. The bDOX and DOX fluorescence signals were observed under CLSM. As **Figure [6](#F6){ref-type="fig"}D** shows, there was more drug accumulation in tumours after injecting pre-targeted bDOX compared to free DOX injection. At the same time, drug accumulation in tumours following an injection with un-pre-targeted bDOX was significantly lower than that with free DOX injection, which is consistent with the minimum cellular uptake of individual bDOX. Both pre-targeted and un-pre-targeted bDOX showed a lower drug accumulation in the heart than free DOX due to the lack of lectin expression in the heart tissue and the low level of cellular uptake of bDOX. In summary, pre-targeted bDOX can achieve a higher drug accumulation in tumours and less accumulation in the heart compared to free DOX.

*In vivo* anticancer efficacy and evaluation of side effects
------------------------------------------------------------

*In vivo* anticancer efficacy was evaluated in 5-week-old BALB/c nude mice. Four days after implantating LS180 cells into the abdomen, mice were divided into four groups (n = 5): free DOX, pre-targeted bDOX, un-pre-targeted bDOX, and control. The groups received different treatments: (1) for the free DOX group, 5 mg/kg free DOX was i.v. injected; (2) for the pre-targeted bDOX group, mice were first i.p. injected with 15 mg/kg avidin and bDOX was i.v. injected 5 h later. The dose of bDOX was equivalent to the molar quantity of free DOX; (3) for the un-pre-targeted bDOX group, PBS, rather than avidin, was given before bDOX injection; (4) for the control group, after injecting avidin, biotin was given instead of bDOX. The first treatment was designated day 0, and treatments were repeated every two days for a total of five administrations. Tumour growth was monitored by bioluminescence imaging (BLI) every two days, utilizing the transfected luciferase of LS180 cells. As **Figure [7](#F7){ref-type="fig"}A-B** and **Figure [S15](#SM0){ref-type="supplementary-material"}** show, tumours in the un-pre-targeted bDOX and control groups grew quickly, with no significant difference between these two groups in tumour growth due to the minimal toxicity of bDOX. However, compared to free DOX, a stronger anticancer effect was observed for pre-targeted bDOX. At the end of therapy (day 10), tumours in the pre-targeted bDOX group were much smaller than that of the free DOX group, with a statistically significant difference (*p* \< 0.01). After therapy, mice were sacrificed and tumours were collected, counted and weighed (**Figure [7](#F7){ref-type="fig"}C-D**). The tumour weight per mouse in the pre-targeted bDOX group was much lower than that in the free DOX group, in accordance with BLI results. For the pre-targeted bDOX group, the tumour number per mouse was also much lower than that in the free DOX group (**Figure [S16](#SM0){ref-type="supplementary-material"}**). The number of tumours per mouse represented a part of tendency of tumour metastasis.

Cellular apoptosis in tumour and heart cells was examined using the TUNEL assay. After therapy, mice from each group (n = 3) were sacrificed and tumour and heart tissues were collected, frozen, sectioned and assayed using the TUNEL method [@B30]. As **Figure [7](#F7){ref-type="fig"}H** shows, the most severe tumour cellular apoptosis was observed in mice treated with pre-targeted bDOX, which was more severe than mice treated with free DOX, showing the enhanced anticancer effect achieved by pre-targeted bDOX. Un-pre-targeted bDOX only caused a slight tumour cellular apoptosis. For heart tissue, obvious cellular apoptosis was caused by the injection of free DOX (**Figure [7](#F7){ref-type="fig"}I**); however, there was only a negligible apoptosis with the pre-targeted bDOX or un-pre-targeted bDOX treatments. The results of cellular apoptosis in tumours and the heart after treatment were consistent with the biodistribution evaluation results. Anticancer effect was enhanced by pre-targeted bDOX, while side effects on the heart were greatly reduced.

Changes in body weight are often adopted as an indicator of possible side effects of a chemotherapeutic drug. The average body weight of each group was monitored every two days during therapy. As **Figure [7](#F7){ref-type="fig"}E** shows, an obvious decline in body weight was observed for mice treated with free DOX compared to the control group (*p* \< 0.001), indicating the severe side effects of free DOX. In stark contrast, neither the un-pre-targeted bDOX group nor the pre-targeted bDOX group significantly differed from the control group in body weight.

Blood routine examination was adopted to further evaluate the side effects of various treatments. For mice treated with free DOX, the level of white blood cells (WBC) and monocytes (MO) showed obvious changes during therapy (**Figure [7](#F7){ref-type="fig"}F-G**), further confirming the severe side effects of free DOX. However, there was no significant difference between the pre-targeted bDOX group and control group, fully showing its minimal side effects.

Tumours and major organs (heart, liver, spleen, lung and kidney) from different groups were collected after therapy, sectioned, and stained with H&E to evaluate possible side effects (**Figure [7](#F7){ref-type="fig"}J**). In accordance with the rate of tumour growth (**Figure [7](#F7){ref-type="fig"}A**) and the level of cellular apoptosis, tumour sections of the pre-targeted bDOX group had much more necrosis than the free DOX group. Although most organs showed no obvious changes among the treatment groups (**Figure [S17](#SM0){ref-type="supplementary-material"}**), there were great morphological and pathological changes in the spleen with free DOX. The spleen in the free DOX group shrank significantly (**Figure [S18](#SM0){ref-type="supplementary-material"}**), and splenic corpuscles decreased in size and number, with nearly incomplete structures. Furthermore, there were massive immature red blood cells in the red pulp, indicating possible toxicity of myelosuppression. However, the severe toxicity of free DOX to the spleen was not observed in the pre-targeted bDOX group, showing its overwhelming advantage in terms of reduced side effects and enhanced anticancer efficacy.

Discussion
==========

In this study, a novel pre-targeted system based on avidin and bDOX was successfully constructed and applied for the treatment of lectin-overexpressing colorectal cancer. The biotinylation of archetype DOX cooperated with the application of a pre-targeted strategy achieved enhanced anticancer efficacy and less unwanted side effects compared to the DOX used currently in clinic.

While entering into the body, avidin concentrated on lectin-overexpressing tumours and eliminated from normal organs with little lectin expression after a proper interval. Then bDOX was added and targeted to the avidin in tissues (**Figure [1](#F1){ref-type="fig"}**). Afterwards, avidin/bDOX complex was endocytosed into lysosomes. The quick response to the acidic environment could enable bDOX to realize robust DOX release in lysosomes and then DOX would enter cell nuclei. The anticancer effect of pre-targeted bDOX relies on the free form of DOX hydrolysed from bDOX, which mainly operates by interacting with DNA and inhibiting topoisomerase II in order to inhibit DNA synthesis [@B2]. For free bDOX (i.e., uncombined with avidin), the stability maintained in the neutral condition, the difficulty in entering cells, and the quick elimination kinetics could minimize premature DOX release during systemic blood circulation, thereby reducing side effects.

The insufficiency of the selectivity and targeting towards tumour cells is a severe problem faced by most chemotherapeutic drugs, which promotes their side effects. The pre-targeted strategy can effectively overcome this insufficiency, however. The tumour selectivity of pre-targeted bDOX could reduce drug uptake in normal cells with low lectin expression, and thus decrease damage to normal organs. The targeting ability of pre-targeted bDOX led to higher cellular uptake than the free diffusion of free DOX [@B31], thereby promoting enhanced anticancer efficacy.

A dose of 15 mg/kg avidin and 5 h pre-targeting time were the optimum conditions for pre-targeted therapy, allowing adequate systemic clearance and excellent tumour-to-normal tissue contrast. Under this situation, pre-targeted bDOX exhibited a more favourable tumour biodistribution than free DOX (i.e., significantly higher drug accumulation in tumours with a much lower concentration in normal organs, especially the heart and liver). The chemotherapy results in tumour-bearing mice were in accordance with the biodistribution evaluation. Tumours in the pre-targeted bDOX group were much smaller in volume, less in number, and lighter in weight, showing that pre-targeted bDOX had a stronger effect on inhibiting tumour growth and a greater potentiallity to prevent tumour metastasis than free DOX. Signs of harmful side effects, which include an apparent decline in body weight, obvious changes in blood routine examination, abnormal morphological and pathological changes in the spleen, and widespread cardiomyocyte apoptosis, indicated the severe side effects of free DOX. Therefore, compared with free DOX, pre-targeted bDOX achieved a more powerful tumour inhibition with minimal damage to normal tissues following an equimolar administration; therefore, pre-targeted bDOX might break the restriction of the current DOX toxicity-limited dosage.

Pre-targeted bDOX showed overwhelming advantages over free DOX in many aspects. Firstly, an organic combination of the pre-targeted system and DOX was achieved, which endowed the free DOX with a highly specific tumour targeting ability. Secondly, lectin-mediated endocytosis significantly increased the cellular uptake of DOX and may reduce the quantity of DOX pumped out. Similar to most small-molecule chemotherapeutic drugs, DOX enters tumour cells through free diffusion; however, significant quantities may be pumped out of cells by glycoproteins [@B32]. Pre-targeted bDOX, on the other hand, was endocytosed into lysosomes. Therefore, drug resistance was likely to be avoided to some extent [@B33]. Thirdly, the hydrolysis of the pH-sensitive bond of bDOX was only triggered in an acidic environment to release the active anticancer drug (i.e., free DOX); therefore, DOX toxicity towards normal tissues could be largely reduced.

Currently, many chemotherapeutic drugs associated with DOX are approved for clinical use or in clinical trials. However, there are still some problems with these drugs. For example, Doxil® is the first FDA-approved DOX nano-liposome. After its administration, Doxil accumulates in tumours via the enhanced permeability and retention (EPR) effect; up to 98% of the drug in plasma is liposome-associated DOX, which does not release DOX until clearance under the long blood circulation half-life [@B7], thereby reducing cardiotoxicity. Similarly, bDOX in our research is stable and non-toxic in neutral conditions (e.g., plasma). However, although Doxil concentration in tumour is 4 to 16 times higher than that of DOX [@B34], liposomes release DOX slowly and inadequately, which is limited by the tumour microenvironment [@B35]. The insufficient drug release as well as the heterogeneity of the EPR effect in tumors hinder the efficacy of Doxil. For instance, Doxil was approved by the FDA and European Medicines Evsluation Agency (EMA) for the treatment of metastatic breast cancer in 2003 and multiple myeloma in 2007 with its reduced cardiotoxicity and improved safety profile, but its efficacy was equivalent to DOX [@B7]. In this study, we aimed at overcoming these problems utilizing a pre-targeted bDOX. Avidin endowed bDOX the ability to target tumours and the effective release of DOX, which was triggered in the acidic environment of lysosomes.

This lectin-mediated avidin and bDOX system has special advantages for clinical translation. As a natural protein, the non-toxicity of avidin has already been clinically verified [@B36]. This easily obtained, low-cost protein (extracted from egg whites) is only found in birds, amphibians and reptiles, meaning that it is particularly suitable for the treatment of mammals, as there is no endogenous avidin that can interfere with the pre-targeted treatment [@B37]. Also, the interaction between avidin and biotin is not obviously affected by pH from 2 to 13, enzymes, or temperature. The incidence and mortality rates of colorectal cancer are the third and fourth highest globally [@B38], [@B39]. Patients with stage II colorectal cancer are at high risk of recurrence; those with stage III disease are recommended for adjuvant chemotherapy [@B40]. The pre-targeted bDOX may potentially be a choice in the adjuvant chemotherapy of colorectal cancer as well as a replacement of free DOX or Doxil in clinical practice.

Due to the modular nature of the designed pre-targeted system, the following applications can be developed: (a) Other small-molecule chemotherapeutic agents can be delivered by this pre-targeted system; (b) by utilizing single-photon emission computed tomography (SPECT), ^99m^Tc-biotin can be employed for *in vivo* molecular imaging to non-invasively monitor tumour growth situations. ^99m^Tc-biotin can also detect the expression level of lectin, thereby predicting whether patients are suitable for this pre-targeted treatment before therapy.

In conclusion, a pre-targeted system based on lectin-mediated avidin and biotin was applied for the first time to cancer chemotherapy. The pre-targeted bDOX exhibited a great potential for clinical translation as a simple and effective anticancer therapeutic agent to replace the traditional free DOX, or even Doxil, with improved drug efficacy and minimal toxicity.

Methods
=======

Preparation and characterization of prodrug bDOX
------------------------------------------------

Synthesis of biotin-hydrazide: 7.37 mg of biotin-PEG~4~-C~2~H~5~COOH was dissolved in methyl alcohol (150 µL); then, 16 mg EDC dissolved in distilled water (25 µL) and 10 mg NHS dissolved in methyl alcohol (25 µL) were added to the biotin-PEG~4~-C~2~H~5~COOH solution. The mixture was stirred at room temperature for 0.5 h, and the 75 µL hydrazine monohydrate was added and stirred overnight. The product, biotin-PEG~4~-C~2~H~5~CON~2~H~3~ (biotin-hydrazide), was purified with a semi-preparative HPLC chromatography YMC C-18 column (5 μm, 250 × 4.5 mm) (YMC Co., Ltd., Kyoto, Japan) using a 0-33% gradient elution system. The aqueous phase was aqueous NH~4~OAc buffer (26 mM, pH 7.0) and the organic phase was acetonitrile. The biotin-hydrazide was collected by freeze-drying (7.2 mg, 92.3%).

Synthesis of bDOX: Doxorubicin hydrochloride (4 mg) and biotin-hydrazide (4 mg) were dissolved in extra dry DMF (2.8 mL) in the presence of 4 μL trifluoroacetic acid. After stirring in the dark at room temperature overnight, the product biotin-PEG~4~-C~2~H~5~CON~2~H~2~-DOX (bDOX) was purified with a semi-preparative HPLC column using a 0-80% gradient elution system with aqueous NH~4~OAc buffer (26 mM, pH 7.0) (solvent A) and MeCN (solvent B), and the red powder was collected by lyophilization (3.8 mg, 52.6%).

The bDOX was determined by mass spectrometer (Bruker Co., Ettlingen, Germany), infrared spectrometer (PerkinElmer, Inc., Spokane, WA, USA) and ^1^H-NMR spectroscopy (Bruker spectrometer, 300 MHz, Ettlingen, Germany), and the optical properties of DOX and bDOX were analysed by a fluorescence spectrophotometer (PerkinElmer, Inc., Spokane, WA, USA) with a slit width of 5 nm.

*In vitro* drug release
-----------------------

Triplicate bDOX was dissolved in 0.2 M PB buffer at pH 5.0, 6.0, and 7.4 to a final concentration of 0.485 mM. The mixed solutions were shaken at 120 rpm at 37 °C. The concentration of released DOX from bDOX was analysed by HPLC at various time intervals (0, 1, 2, 5, 8, 18, and 30 h) with a reference to the DOX standard calibration curve. The assay was conducted in triplicate.

*In vitro* chemotherapy and cytotoxicity
----------------------------------------

Cell proliferation inhibition was examined in HT-29 and LS180 cells, and cytotoxicity was evaluated in HEK293 cells. Cells were plated at 3.63 × 10^4^ cells/well in 100 μL of media in 96-well plates the night before treatment with pre-targeted bDOX, bDOX, or free DOX. Their concentrations varied from 0.01 to 10^3^ µM DOX. The avidin of the pre-targeted bDOX group had been incubated for 4 h in advance, and the dose of avidin in each well was 100 μM. After 48 h, the cellular viability was detected using an enzyme-linked immune detector at 450 nm absorbance with a CCK-8 kit (Cell Counting Kit-8, Dojindo Laboratories, Tokyo, Japan) and the half-growth inhibition concentration (IC~50~) was calculated with the Prism software. The assay was performed in triplicate and repeated twice.

Drug uptake and cellular distribution of bDOX
---------------------------------------------

HT-29 cells were seeded into glass-bottom dishes (1.5 × 10^5^ cells per dish). After incubating for 12 h, the medium was removed. Cy3-labelled avidin was purified by the PD-10 column. Cells were incubated with 2.2656 μM Cy3-labelled avidin for 4 h; then, nuclei were further labelled with the nuclear dye Hoechst 33342 for 1 h and lysosomes were labelled with LysoTracker^TM^ Deep Red (Thermo Fisher Scientific, Rockford, IL) for 0.5 h.

Three cell lines, HT-29, LS180 and HEK293, which had different lectin expression levels, were seeded into glass-bottom dishes (1.5 × 10^5^ cells per dish). After incubating for 12 h, the medium was removed and pre-targeted bDOX, free DOX, and bDOX were added to the cells for 4 h at an equivalent concentration of 9.0625 µM DOX. The avidin of the pre-targeted bDOX group had been incubated for 4 h in advance, and the dose of avidin in each dish was 2.2656 μM. Following incubation, the cells were washed with PBS and they were further labelled with the nuclear dye Hoechst 33342 for 1 h and the lysosomal dye LysoTracker^TM^ Deep Red for 0.5 h. Avidin-labelled Cy3 was added to HT-29 cells and incubated for 4 h, and Hoechst 33342 and LysoTracker^TM^ Deep Red were added as before. The cells were incubated at 37 °C for all steps. Images were taken using a confocal laser scanning microscope (CLSM), and stacks were recorded with the confocal laser scanning system TCS STED (Leica Microsystems, Wetzlar, Germany).

*In vivo* drug biodistribution
------------------------------

All animal experiments were performed in accordance with the Guidelines of Peking University Animal Care and Use Committee.

Forty-four BALB/c mice were divided into eleven groups (n = 4 per group) at random. Five groups separately received an intraperitoneal injection of avidin (300 μg in 100 μL PBS per mouse [@B41]) at 1, 2, 4, 6 and 8 h ahead of time, and ^99m^Tc-biotin (8 μCi per mouse) was injected intravenously (i.v.). Euthanasia was administered after 2 h. Another three groups of mice received intraperitoneal injection of avidin (300 μg in 100 μL PBS per mouse) 5 h ahead of time, and ^99m^Tc-biotin (8 μCi per mouse) was injected into the tail vein. Euthanasia was administered after 1, 2, and 4 h, respectively. The last three groups were administered a single dose of ^99m^Tc-biotin (8 μCi per mouse) i.v., and euthanasia was administered after 1, 2, and 4 h, respectively. Blood, heart, liver, spleen, lung, kidney, intestine, colon, and muscle were harvested and weighed. The radioactivity of the tissues was measured using a γ counter (Packard, Meriden, CT, USA). The results are expressed as a percentage of injected dose per gram of tissue (%ID/g tissue).

Twenty-five BALB/c nude mice bearing LS180 xenografts were divided into five groups (n = 5 per group) at random. For five groups, ^99m^Tc-biotin (8 μCi per mouse) was injected via the tail vein at 1, 2, 4, 5 and 6 h post-avidin chase (300 μg in 100 μL PBS per mouse, intraperitoneally), and the animals were euthanized 2 h later. Tumour tissues, blood samples and various organs were collected as described above and counted for ^99m^Tc to calculate the %ID/g (mean ± SD).

DOX biodistribution
-------------------

The biodistribution profiles of the pre-targeted bDOX and free DOX were tested in nude mice bearing diffuse LS180 tumours. Pre-targeted bDOX and DOX (10 mg/kg body weight of DOX) were injected into the tail vein of mice into which avidin and saline had been pre-injected i.p. 5 h earlier (n = 3). Euthanasia was administered 4 h later [@B42], and major organs and tumours were collected and rinsed with saline. The content of DOX or bDOX distributed in isolated tissues was imaged using a near-infrared fluorescence imaging system (IVIS Spectrum, Waltham, Massachusetts, USA).

DOX biodistribution in the tumour and heart was also examined by CLSM. After an i.v. administration of pre-targeted bDOX (5 mg DOX/kg), free DOX (5 mg/kg), bDOX (5 mg DOX/kg), and PBS every two days for a total of five times, mouse tumour and heart tissues were excised and embedded in O.C.T. (Optimum Cutting Temperature compound) medium (SAKURA Tissue-Tek, Torrance, USA) and sectioned into 0.2-μm slices using a freezing microtome (Leica, Solms, Germany). The sections were stained with DAPI and observed under CLSM. The fluorescence of DOX (λ~ex~ = 488 nm, λ~em~ = 580 nm) and DAPI were measured for observation.

*In vivo* tumour chemotherapy and monitoring
--------------------------------------------

Mice were implanted with the LS180 tumour as described above. Briefly, female BALB/c nude mice (5 w, 15-19 g) were ordered, and 5 × 10^6^ LS180 cells in 100 μL PBS per mouse were implanted intraperitoneally. Due to rapid LS180 tumour growth, mice were randomly assigned to four groups (n = 6 per group) and treated on day 5 after implantation, when tumours were just palpable. Mice received five doses of pre-targeted bDOX (5 mg DOX/kg), free DOX (5 mg/kg), bDOX (5 mg DOX/kg), and empty vehicles at the same concentration as pre-targeted bDOX. For the pre-targeted group, avidin was administered at 300 μg in 100 μL PBS per dose 5 h in advance. The treatment was administered every two days and tumour growth was monitored via bioluminescence imaging (BLI) by an IVIS spectrum. Prior to analysis, animals were injected i.p. with D-luciferin (150 mg/kg), anaesthetized with isoflurane, and imaged 7 min postinjection. Images were acquired with a 1-s exposure time and minimum binning factor. After ten days, mice were euthanized, and tumours were dissected, weighed, and photographed. Tumours and major organs were collected for paraffin sectioning and stained with haematoxylin and eosin (H&E) for histopathological analysis. In addition, tumour and heart tissues were excised for embedding in O.C.T. medium, frozen in liquid nitrogen, and sectioned into 0.2-μm slices using a freezing microtome. Cell apoptosis of freezing sections was detected using a TUNEL assay kit (Roche Co., Ltd.) according to the manufacturer\'s instruction.

*In vivo* toxicity evaluation
-----------------------------

Tumour-bearing mice were prepared as in the animal therapy experiment described above and were randomly divided into four groups (n = 6). Mice received i.v. administrations of pre-targeted bDOX (5 mg DOX/kg), free DOX (5 mg/kg), bDOX (5 mg DOX/kg), and empty vehicle. Body weight fluctuations were recorded. The blood routine examination was monitored every two days. Blood samples were collected from the mice eye socket vein before every drug administration and two days later after the last dose, and examined using the blood cell automatic analysis machinery.

Statistical analysis
--------------------

All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA). All values were presented as mean ± SD. Statistical analysis was done using a 1-way ANOVA for multiple groups and an unpaired Student\'s *t-*test. A *p*-value of \< 0.05 was considered statistically significant. For all tests, symbols represent the following: \* *p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; ns, not significant.
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![**Illustration of lectin-mediated pre-targeted bDOX for cancer treatment. (A)** The distribution and elimination of avidin and bDOX. **(B)** The cellular entry process of pre-targeted bDOX. **(C)** The structure of bDOX.](thnov09p0747g001){#F1}

![**Acid-sensitive DOX release from bDOX. (A-C)** HPLC characterization of bDOX hydrolysis after dissolving bDOX in PB buffer solutions with varying pH for different times. Retention time was \~ 23 min for DOX and \~ 25 min for bDOX. **(D)** Quantification of released DOX from bDOX with varying pH for different times. The values represent mean ± SD (n = 3).](thnov09p0747g002){#F2}

![**Chemotherapeutic effect of bDOX *in vitro***. Relative cell viability of **(A)** HT-29 , **(B)** LS180 and **(C)** HEK293 after incubating with un-pre-targeted bDOX (bDOX in graph), DOX or pre-targeted bDOX (pre-bDOX in graph) at different concentrations for 48 h. Log M represents the logarithmic concentration of DOX (mmol/L). \*\*\**p* **\<** 0.001. The values represent mean ± SD (n = 3). (pre-bDOX: pre-targeted bDOX).](thnov09p0747g003){#F3}

![***In vitro* cellular uptake**. **(A)** Confocal laser scanning microscopy (CLSM) images of cellular uptake of bDOX, free DOX and pre-targeted bDOX in HEK293 , LS180 , and HT-29 cells. The scale bar represents 25 μm. **(B)** Fluorescence intensity percentages of the treated cells. The values represent mean ± SD (n = 7). \* *p* \< 0.05; \*\**p* \< 0.01. (pre-bDOX: pre-targeted bDOX).](thnov09p0747g004){#F4}

![**Subcellular localization of pre-targeted bDOX performed on HT-29 cells**. Lysosomes were stained by LysoTracker^TM^ Deep Red and colored in green; nuclei were stained by Hoechst 33342 and colored in blue. The pretargeted bDOX was colored in red. The scale bar represents 25 μm. (pre-bDOX: pre-targeted bDOX).](thnov09p0747g005){#F5}

![**Biodistribution of avidin and pre-targeted bDOX**. **(A)** Biodistribution of ^99m^Tc-biotin injected at different times (1 h, 2 h, 4 h, 5 h and 6 h) after the injection of avidin. The values represent mean ± SD (n = 4). **(B)** Bright-field (upper) and DOX fluorescence (below) images of tumour and major organs *ex vivo* after injecting free DOX or pre-targeted bDOX. The scale bar represents 1 cm. **(C)** Quantification of **Figure [6](#F6){ref-type="fig"}B**, exhibiting average relative DOX fluorescence intensity of tumour, heart and liver. The values represent mean ± SD (n = 3). **(D)** CLSM images of DAPI-stained frozen sections showing drug accumulation in tumour and heart tissues after injecting PBS, un-pre-targeted bDOX, free DOX or pre-targeted bDOX. Blue colour represents DAPI-stained nuclei, and pseudo-red colour represents fluorescence from DOX or bDOX. The scale bar represents 50 μm. \* *p* \< 0.05. (pre-bDOX: pre-targeted bDOX).](thnov09p0747g006){#F6}

![***In vivo* evaluation of chemotherapeutic effects and side effects**. **(A)** Representative bioluminescence images of LS180-bearing BALB/c nude mice on different days after various treatments, showing the rate of tumour growth. The mice in each group are shown in **Figure [S15](#SM0){ref-type="supplementary-material"}**. **(B)** Quantification of the relative tumour fluorescence intensity in **Figure [7](#F7){ref-type="fig"}A** and **Figure [S15](#SM0){ref-type="supplementary-material"}**. The values represent mean ± SD (n = 5). **(C)** A photograph of tumours collected from different groups after therapy (day 10). Note that tumours from one mouse were stacked into a pile. The scale bar represents 2 cm.**(D)** Average tumour weight per mouse for different groups, weighed and calculated from **Figure [7](#F7){ref-type="fig"}C**. The values represent mean ± SD (n = 5). **(E)** Relative mouse body weight of various groups during therapy. The values represent mean ± SD (n = 5). Changes in blood routine examination parameters: **(F)** WBC and **(G)** MO of various groups during therapy. The values represent mean ± SD (n = 5). TUNEL-stained frozen section of **(H)** tumour and **(I)** heart tissues after the treatments. Compared to free DOX, increased tumour cellular apoptosis and decreased cardiomyocyte apoptosis were exhibited after a treatment with pre-targeted bDOX. The scale bar represents 25 μm. **(J)** H&E-stained tumour and spleen tissue sections after the treatments. Compared to free DOX, increased tumour necrosis and decreased spleen damage were exhibited after a treatment with pre-targeted bDOX. The scale bar represents 100 μm. \* *p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001. (MO: monocytes; ns: no significance; pre-bDOX: pre-targeted bDOX; WBC: white blood cells).](thnov09p0747g007){#F7}
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